We have realized multifacet Josephson junctions with periodically alternating critical current density (MJJs) using superconductor-insulator-ferromagnet-superconductor heterostructures. We show that anomalous features of critical current vs. applied magnetic field, observed also for other types of MJJs, are caused by a non-uniform flux density (parallel to the barrier) resulting from screening currents in the electrodes in the presence of a (parasitic) off-plane field component.
I. INTRODUCTION
Multifacet Josephson junctions (MJJs), with critical current density j c alternating many times between positive j 0 c and negative j π c ≈ −j 0 c values along the junction were intensively treated during the last years. Initial studies were motivated by the discovery of high-T c superconductors (cuprates) with d-wave order parameter symmetry 1 . In thin film cuprate grain boundary junctions with a 45
• misalignment angle between the two electrodes the current j c is changing its sign randomly on a scale of a facet. A more controlled MJJ can be produced in the form of Nb/cuprate ramp junctions where the barrier forms a zigzag line parallel to the cuprate crystallographic axes [2] [3] [4] . A more general interest in MJJs came from the possibility to have a ground state where the Josephson phase has a value ϕ different from both 0 and π 5-9 , or to realize tunable plasmonic crystals 10 . If a ϕ junction is long compared to the Josephson length λ J it may carry mobile fractional flux quanta (splintered vortices) [11] [12] [13] [14] . A promising option to produce an MJJ is given by the Superconductor-Insulator-FerromagnetSuperconductor (SIFS) technology [15] [16] [17] , providing exponentially low damping at low temperatures and a high topological flexibility in arranging the 0 and π segments. Recent imaging of the supercurrent distribution showed that in SIFS 18 j c is more homogeneous than in Nb/cuprate zigzag MJJs 2 . Suppression of I c (0) and appearance of high-field main maxima were clearly observed for grain boundary MJJs in a field perpendicular to the substrate plane [19] [20] [21] . Here, randomness in j 0 c , j π c and facet sizes prevent a close comparison to the "ideal" theoretical I c (H). However, differences between experiment and theory also appear for the more controllable zigzag MJJs. In particular, the secondary maxima between the two main maxima almost vanish in experiment and are strongly enhanced outside the main peaks [2] [3] [4] . These features cannot be reproduced in calculations by simply taking into account nonuniformity of the junctions.
A major step towards understanding I c (H) was done in the framework of nonlocal electrodynamics of MJJs 22 . A universal solution has been found for φ(x) in the case when the electrodes are formed by an ultrathin film and the applied field is perpendicular to them (the definition of the coordinates is shown in Fig. 1 ). In this geometry, the flux density B z (x) is strongly enhanced compared to µ 0 H z , has a maximum in the center of the junction and decays to zero towards the edges, see Fig. 2 are repeated N = 20 times, as sketched in Fig. 1 . The total length L ≈ 3λ J , i.e., these MJJs can be treated as short junctions.
II. THEORY
In a short MJJ, see Fig. 1 , the flux generated by tunneling currents is negligible. If B y and j c do not depend on y, I c is given by
In what follows we consider complex interference patterns depending on the spatial distribution of flux inside the junction. Thus, to show the results of our numerical studies, we plot I c /I c0 as a function of H/H 0 , where I c0 = j 0 c LW and H 0 = Φ 0 /µ 0 ΛL. Λ is the (average) effective magnetic junction thickness accounting for flux penetration into the superconducting electrodes and the effect of screening currents. (Λ ≈ 2λ L for a junction in a bulk sample, where λ L is the London penetration depth); below we will also allow Λ to be different in the 0 and π parts.
The phase φ(x, B y ) is obtained from the equation
The calculated I c (H) for constant Λ is shown in Fig. 2 
(a).
The two main maxima of I c occur at |H|/H 0 = N . The next maxima are located at |H|/H 0 = 3N . Further,
III. EXPERIMENT
The current-voltage curve of the MJJs that we studied experimentally (T ≈ 4.2 K) are non-hysteretic. We determined I c by using a voltage criterion V cr = 1 µV except for the data shown in Fig. 2(b) , where we have used a different measurement setup, with V cr = 0.2 µV. Thus, we have an I c detection limit (parasitic I c background) • . Inset in (d) shows the profile By(x) used to calculate Ic(H) for θ = 90
• .
≈ 20 µA in all other experiments. When the sample was aligned "by eye" to have H ŷ, the I c (H) patterns (see, e.g., Fig. 2(b) ; in comparison to Fig. 2 (a) the applied field scale roughly corresponds to ±30H 0 ) resembled the ones of zigzag junctions 2,3 (where H ẑ), but not the calculated "ideal case" pattern shown in Fig. 2(a) . In particular, the measured I c (H) shows a small local maximum at H = 0 and high maxima following the main maxima.
The model considered in Ref. 22 (ultrathin film grain boundary MJJ in the (x, y) plane) cannot be applied, since (a) the geometry of SIFS MJJ is more complicated and (b) the validity conditions for the nonlocal model are not satisfied. However, for the SIFS (and also zigzag) MJJs an applied field H ẑ should be subject to field focusing effects, with a maximum of B y (x) in the center of the junction 23, 24 . In our MJJ aligned "by eye" a component H z may arise from a slight out-of-plane misalignment of the applied field. This small field leads to strong modifications of I c (H). To test this idea we measured I c (H) for different angles θ between H and the substrate plane (see Fig. 1 ), using two perpendicular coils operated in linear combination and creating H y = H cos θ and H z = H sin θ. Fig. 3(a) shows I c (H) measured at an angle, which, after having measured and analyzed the angle dependent I c (H) (see below), has been identified to be very near θ = 0
• . The shape of this curve is much closer to the "ideal case", although differences occur. First, there is an I c maximum at H = 0. This naturally arises, because, typically, |j π c | = j 0 c and thus the cancelation of the supercurrents carried by the 0 and π parts is incomplete. Second, an I c peak appears at H/H 0 = 40 = 2N . If both the 0 and π segments had the same length and the same Λ, at this field I c should cancel within each segment. However, Λ may slightly differ for the 0 and π parts. Then, I c cannot cancel at the same field in both the 0 and the π segments and a peak may appear in I c (H). Further note that the measured I c (H) is asymmetric with respect to positive and negative H. This effect arises from asymmetries in the ferromagnet layer magnetization which we do not take into account to keep the discussion short.
Taking asymmetries of j c and different values Λ 0 and Λ π of the 0 and π parts into account, using Eq. (1) and Eq. (2), we calculate the I c (H) pattern shown in Fig. 3(b) . In Fig. 3(b) we have used Λ π /Λ 0 = 1.38 and j • ). The corresponding measured I c (H) pattern is shown in Fig. 3(c) . Its shape resembles the ones of zigzag junctions [2] [3] [4] or of the SIFS MJJ with H ŷ aligned "by eye", c.f. Fig. 2(b) . Note that our MJJ is sensitive to H z , because screening currents flowing inside the electrodes create a non-uniform field component B y (x) inside the junction barrier, as sketched in the inset of Fig. 3(c) . To calculate I c (H z ) we need to find a profile B y (x) caused by the applied field H ẑ and solve Eqs. (1) and (2) using this B y (x). Similar to the case of a 0 junction having overlap geometry 23, 24 and to the nonlocal grain boundary junction 22 we expect B y (x) to have a maximum in the center of the MJJ (x = 0). It can be approximated as [22] [23] [24] B y (x) ∝ cos(πx/L) if the junction is "naked", i.e., without idle regions surrounding the Josephson barrier. In our case there are 5 µm wide idle regions. Then, B y will be nonzero at x = ±L/2. In addition, asymmetries in B y (x) may occur due to asymmetries in the junction layout. Thus, we approximate B y (x) by a Taylor expansion near x = 0, i.e., B y (x) = −f µ 0 H z (1 + a 1 ξ + a 2 ξ 2 ), where ξ = 2x/L and −1 < ξ < 1 . Solving Eq. (1), we get the I c (H) pattern shown in Fig. 3(d) . We have used a 1 = −0.1 and a 2 = −0.45 to reproduce the data. While the overall shape of I c (H) strongly depends on the value of a 2 , the nonzero choice of a 1 is somewhat cosmetic and was merely necessary to suppress a "shoulder" in the calculated I c (H) oscillations appearing for flux values above the main I c maximum. For lower values of H this parameter has only a small effect on I c . The resulting field profile is shown in the inset of Fig. 3(d) . Further, by comparing the abscissas of the calculated and experimental curves, we find a field focusing factor f ≈ 23, which is a reasonable value for the large MJJ we study.
Having reproduced I c (H) for both H ŷ and H ẑ, we consider the general case where H is tilted by an angle θ. No additional parameters are required for calculating I c (H). We obtain
Similar to the geometries analyzed in Refs. 24,25 at a "dead angle" θ d = arctan(1/f ) the uniform field term vanishes and one obtains an anomalous I c (H) dependence with diverging period. The linear and quadratic terms in B y (x) can have different signs relative to the constant term depending on θ. For angles between θ d and 0
• , and for a negative coefficient a 2 , B y (x) peaks at the junction edges while at all other angles the maximum in B y is in the junction center.
In Fig. 4 we show a sequence of I c (H) patterns starting from θ = 6.2 to θ = −2.43
• comparing the measured I c (H) with calculated curves. All data have been taken in a single cooldown. In the simulated curves the junction parameters and coefficients a 1 , a 2 are the same as for the cases θ = 0 and θ = 90
• discussed above. The patterns taken at θ = 6.2
• , see Fig. 4 (a) differ only marginally from the case of θ = 90
• , shown in Fig. 3(a) . The main difference is the field scale due to the sin θ-reduced B y (x) field caused by H z . In particular, for the cases θ = 6.2
• and θ = 4.5
• the enhancement of the higher order I c maxima (relative to the main maximum) can nicely be seen. When approaching θ d (≈ 2.5
• for our sample), I c (H) stretches anomalously with an increased amplitude of the low-field I c oscillation and with an increased field modulation period. Further, for angles between θ d and 0
• (where, according to Eq. (4), the field profile B y (x) reverses shape) the lower order I c maxima become enhanced while the higher order maxima are suppressed. These features are well reproduced by the calculated curves I c (H). I c (H) at θ = 0
• is shown in Fig. 3(a) . For negative values of θ the shape of I c (H) rapidly develops into the pattern found for H ẑ, without anomalies at θ = −θ d .
A "dead angle" has been found for 0 junctions of various geometries 24, 25 . To further test this for SIFS junctions having large idle regions we have measured I c (H) of a 50 µm × 10 µm 0 coupled SIFS junction, for H applied under different angles θ. Fig. 5 shows the resulting curves for three values of θ. For θ = 0
• and 90 • I c (H) is close to a Fraunhofer pattern, with a compressed field scale for the θ = 90
• case; by comparing the modulation periods of these two curves we find f ≈ 2.3 and calculate θ d ≈ 23.5
• . The dependence I c (H), measured at θ = 23.65
• and shown in Fig. 5 , indeed is by no means IG. 5: (Color online). Ic(H) curves for a 50 × 10 µm 2 SIFS 0 junction for θ = 0
• , 90
• and 23.65
Fraunhofer like.
The value of θ d depends on the lead geometry via the field focusing factor f which is large for long junctions with wide leads. While θ d ≈ 23.65
• , found for our 0 junction, is not very critical if the sample is aligned "by eye", other geometries, particularly in the context of long junction physics may have larger values of f and correspondingly lower values of θ d .
IV. SUMMARY
We have studied a 20 × (0-π-) multifacet SIFS Josephson junction. Its I c (H) dependence, when the applied magnetic field is aligned accurately parallel to the junction plane, can be described well by the standard linear phase ansatz (constant field), taking into account |j 0 c | = |j π c | and different values for the effective magnetic junction thickness Λ in the 0-and π-parts. On the other hand, a variety of I c (H) patterns can be obtained as a result of a small misalignment and field focusing. When the perpendicular field component dominates, the I c (H) patterns are similar to the ones measured for Nb/cuprate zigzag 0-π junctions. Specific features are: (a) a suppressed amplitude of the main I c maxima and (b) a strong asymmetry between the lower order and higher order maxima. If the field is off-plane one may meet a "dead angle" θ d where the flux density B y caused by H y is cancelled by the constant part of a non-uniform B y (x) induced by H z . The effect is not restricted to multifacet SIFS junctions. If the sample is aligned so that θ ≈ θ d , I c (H) is anomalous and may lead to erroneous conclusions about the sample quality or even the physics investigated.
Although the MJJ investigated here has a too large j c asymmetry to from a ϕ junction, the effects discussed here should be taken into account for the right interpretation of experimental results obtained for such devices in applied magnetic field.
